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To many veterinary students, veterinarians and veteri-
nary nurses, electrocardiography (ECG) can seem like a
daunting challenge and somewhat of a mystery.
Arrhythmias can be life threatening and anti-arrhythmic
drugs may have the potential to be pro-arrhythmic, fac-
tors which often intimidate clinicians and can instill a
fear of possibly harming rather than helping a patient.
However, for those who master this challenge, they find
ECG thoroughly rewarding as it is one of the more logi-
cal fields in veterinary medicine and it appeals to the
puzzle solver in us.

The authors of this Guide to Canine and Feline
Electrocardiography have undertaken the challenge of
bringing together their expertise in understanding the
pathophysiology, but also diagnosing and managing
arrhythmias in an outstanding, extensive review of car-
diac ECG.

The reader is taken systematically through the basics
of ECG generation: the required equipment for ECG
acquisition, detailed explanation of the mechanisms
underlying arrhythmias as well the evaluation of the
arrhythmia substrate. The book provides advanced, up-
to-date description of all important arrhythmias encoun-
tered in dogs and cats, highlighting both the main
characteristics and breed-specific differences and in-
depth therapeutic considerations. The authors have
taken a highly visual approach, where all phenomena
described are illustrated with original colour figures and
beautiful ECG traces. Examples of normal ECG record-
ings, practice electrocardiograms and a diagnostic
approach to real-life electrocardiograms of many clini-
cally important arrhythmias will help the reader to feel

comfortable and confident to interpret even the most
complex arrhythmias. Valuable review questions, self-
assessment sections as well as recommended reading are
also built-in, and a comprehensive list of references are
provided at the end of each chapter.

This book is a first of its kind in veterinary medicine
as it also includes chapters on arrhythmia interpretation
using long-term ambulatory ECG (Holter or event
recorder) monitoring; provides insight into interpreta-
tion of heart rate variability parameters and detailed
description of pacemaker therapies, including surgical
implantation techniques and programming instruc-
tions; and delivers valuable information on abnormal
ECGs encountered in veterinary patients under
anesthesia.

For those interested in advanced, interventional
arrhythmia therapies, a large chapter is dedicated to cut-
ting-edge techniques of radiofrequency ablation, and the
reader is presented with practical tips on how to set up
an electrophysiology laboratory and taught the step-by-
step approach on interpretation of intracardiac
electrograms.

For all these reasons, this comprehensive veterinary
ECG book is worth the highest merit, and undoubtedly
deserves to be in every personal library of veterinary stu-
dents, residents, veterinarians and veterinary nurses.

Anna Gelzer, Dr.med.vet. PhD
LDACVIM & ECVIM-CA-Cardiology
Associate Professor of Cardiology
School of Veterinary Medicine
University of Pennsylvania, USA
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Pedro Oliveira

The heart possesses a specialised conduction system that
is responsible for generating and transmitting electrical
stimuli to the whole heart in a specific and ordered fashion.
It is composed of the sinoatrial node (SA), internodal and
inter-atrial pathways, atrioventricular junction, bundle
branches and Purkinje fibres (Figure 1.1). The SA contains
specialised ‘pacemaker’ cells that have the ability to sponta-
neously depolarise, generating electrical impulses. The
remainder of the conduction system is composed mainly of
cells organised in bundles that allow conduction of the
electrical stimuli. These structures are present in the walls
of the heart and are interwoven with the myocardial tissue
itself. It is not possible to distinguish them from the rest of
the myocardium (working myocardium) with the naked
eye, only with certain stains under the microscope.

The anatomy of these structures is presented in this
chapter. To avoid confusion, the use of human anatomical
terminology is avoided, and terminology commonly used
in veterinary medicine for quadruped patients is preferred.
Given the different orientation of the heart within the
chest of dogs and cats in comparison to humans, the fol-
lowing terms are used: cranial instead of anterior; caudal
instead of posterior; dorsal instead of superior; and ventral
instead of inferior. However, since some terms are so
widespread in veterinary literature (e.g. left anterior or
posterior fascicles), it is difficult to avoid the use of such
terms even though they are not entirely appropriate.

The SA, also known as the sinus node, is found in the
wall of the right atrium at its junction with the cranial
vena cava in the upper portion of the terminal groove
(sulcus terminalis) (Figure 1.1).

In dogs, it lies less than 1 mm beneath the epicardium
and occupies almost the entire thickness of the atrial wall
from epicardium to endocardium.' The total size of the
canine node was described as being approximately
5mm? with an oblong shape, although with significant
variation observed amongst individuals."? Other reports
suggest a more extensive location of up to 3-4cm
between both venae cavae.>*

In cats, according to one study including five male
and five female domestic shorthair cats, the SA node
was located 0.06-0.11 mm beneath the epicardium
with an almost triangular shape.’ In males the reported
size was 2.78x2.80x0.54mm, and in females it
was 2.75 x 2.64 x 0.45 mm.® A different study involving
12 cats produced different results.® A reconstruction
of the SA node based on histological and electrophy-
siological data was performed in five of these cats,
revealing an ellipsoid shape with a total area of
10.5+0.76 mm?, a maximum length of 7.4 £ 0.74 mm, a
maximal width of 2.2+0.10mm and a thickness of
0.41 +0.060 mm.°

Histologically, the SA is composed of specialised mus-
cle fibres arranged in a network.” Many small bundles
are present with irregular courses interspersed with
connective tissue accompanied by capillary vessels
and nerve cells. The surface of the SA is covered by
epicardium, and the remaining areas are surrounded
by atrial muscle. Each nodal fibre shows a smooth
transition to ordinary atrial muscle fibres at the
periphery of the SA.

Three different types of cells are present: normal working
myocardial cells, transitional cells and P (pacemaker) cells.

The P cells are responsible for the ability of the SA to
spontaneously generate electrical stimuli. They repre-
sent approximately 50% of the cells in the SA and are
also present in other areas of the conduction system

Guide to Canine and Feline Electrocardiography, First Edition. Ruth Willis, Pedro Oliveira and Antonia Mavropoulou.
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Cardiac conduction system. The sinoatrial node, also
known as the sinus node, is found in the wall of the right atrium at
its junction with the cranial vena cava in the upper portion of the
terminal groove (sulcus terminalis). It is connected to the
atrioventricular node (AVN) located on the floor of the right atrium
via the anterior (AIP), middle (MIP) and posterior (PIP) internodal
pathways. Connections also exist between the right and left atria,
of which Bachmann'’s bundle and the inferior interatrial pathway
(not illustrated) are the most important. Bachmann'’s bundle runs
in the upper portion of the atrial septum towards the left auricle.
The inferior interatrial pathway is composed of fibres that are
continuous with the right atrial myocardium at the level of the
ostium of the coronary sinus (CSO) and with the left atrial
myocardium from which they separate approximately 20-30mm
from the CSO. The AVN is continued by the Bundle of His that
penetrates the fibrous skeleton of the heart and ramifies into the
right (RBB) and left (LBB) bundle branches. The LBB is composed
of anterior (AF) and posterior ramifications (not illustrated). The
bundle branch subdivisions give rise to numerous small branches
that spread all over the subendocardium of both ventricles,
forming the Purkinje network that connects the conduction
system to the working myocardium.

(e.g. atrioventricular node [AVN]) in fewer numbers.
They are organised in small groups of approximately
five cells surrounded by connective tissue that function
as a unit.

The transitional cells are also present in other parts of
the conduction system (e.g. internodal tracts and the
atrioventricular junction) and seem to provide a link
between the specialised cells and the normal working
myocardium.

The existence of discrete exit sites has been described at
the cranial and caudal ends of the canine sinus node.®
Ablation of these sites resulted in sinoatrial block, sug-
gesting that the SA was not anatomically continuous
with the atrial myocardium.®® It was suggested that ves-
sels and connective tissue around the SA tissue were
responsible for anatomical and physiological blocks on
both sides of the node with the exception of the exit
sites.” These findings, together with the reports of a
length of up to 3—4 cm,>* provide a plausible explanation
for the occurrence of ‘wandering pacemaker’ in this spe-
cies (see chapter 5).

The presence of preferential pathways that connect the
SA and AVN has been the subject of debate for the past
century, and there is still disagreement about their exist-
ence and significance. In the dog, there is anatomical and
electrophysiological evidence to support the presence of
three distinct pathways in the right atrium, with cells
that possess characteristics similar to those of Purkinje
cells.'® However, these pathways are not insulated from
neighbouring atrial muscle and are not composed of
specialised conduction cells only. This raises questions
about their role, and some argue that they should not be
termed bundles for this reason.'' Nonetheless, surgical
resection of these pathways was shown to result in a
junctional rhythm in dogs, supporting their role as inter-
nodal pathways.'

The anterior internodal pathway originates in the
sinus node and courses through the cranial aspect of the
cranial vena cava, at which point it bifurcates into
Bachman’s bundle (see the ‘Inter-atrial pathways’ sec-
tion) and a branch that courses ventrally through the cra-
nial inter-atrial septum to join the cranial aspect of the
AVN (Figure 1.1).

The middle internodal pathway originates in the sinus
node and travels downwards cranially to the fossa ovalis
towards the AVN (Figure 1.1).

The posterior internodal pathway originates in the
sinus node, then it courses along the crista terminalis
and downwards through the caudal aspect of the inter-
atrial septum, past the coronary sinus (CS) ostium and
joining the caudal aspect of the AVN (Figure 1.1).

At least four distinct inter-atrial electrical connections
have been identified in dogs.

Bachman’s bundle, or the inter-atrial band, originates
close to the SA and traverses the upper portion of the
inter-atrial septum towards the left auricle (Figure 1.1).



It is composed of normal atrial muscle and of specialised
conducting fibres capable of rapid conduction, similar to
the Purkinje fibres in the ventricles."?

Another connection is present ventrally via striated
muscle fibres identical to atrial myocardium that sur-
round the CS."* These fibres are continuous with the
right atrial myocardium at the level of the CS ostium
and with the left atrial myocardium from which they
separate approximately 2030 mm from the CS ostium.'*
A tract of atrial muscle that terminates blindly within the
ligament or vein of Marshall (a remnant of the left cranial
vena cava) has been proposed as the terminal end of this
pathway in the left atrium, and the term inferior inter-
atrial pathway was used to describe it."®

Additional connections exist at the level of the atrial
septum craniodorsally, in the proximity of the fossa
ovalis, and caudoventrally, possibly via the subepicardial
band that connects the left atrium and cavoatrial junc-
tion ventrally.'®’

Bachman’s bundle and the CS musculature are believed
to be the major connections and the preferred pathways
for conduction of electrical stimuli between the atria.'®

The atrial and ventricular myocardium are separated by a
fibrous skeleton that consists of the distinct valve annuli
and intervening fibrous trigones. This structure provides
attachment for the valve leaflets and the myocardium
itself. As a consequence, the atrial and ventricular myo-
cardium are electrically isolated, which is important to
ensure that atrial and ventricular contractions occur in a

The atrioventricular junction. The
atrioventricular junction may be divided into the
proximal atrioventricular bundle (PAVB), the
compact node and the distal atrioventricular bundle
(DAVB). It is located on the floor of the right atrium in
a triangular-shaped area (triangle of Koch) formed
caudally by the coronary sinus ostium (CSO) and
with the tendon of Todaro and the tricuspid valve
rim as its lateral boundaries. The posterior (PIP),
middle (MIP) and anterior (AIP) internodal pathways
join the atrioventricular junction via distinct
atrionodal bundles forming the PAVB. The DAVB
extends from the compact node approximately
3mm to a branching point at the cranial edge of the
tricuspid septal leaflet. Here, it penetrates the
septum fibrosum of the cardiac fibrous skeleton
bridging the atria and ventricles. The DAVB divides
into the left (LBB) and right (RBB) bundle branches at
the level of the upper portion of the interventricular
septum beneath the non-coronary and the right
aortic leaflets. CVC, Caudal vena cava.

Tendon of Todaro
MIP AlP
/ Aorta
PIP @ 7,

coordinated fashion. The only point of electrical connec-
tion is provided by a specialised conduction structure
that traverses the central portion of the fibrous skeleton
(the central fibrous body), commonly described as the
atrioventricular node or junction (Figures 1.1 and 1.2). It
is located approximately 1 mm beneath the epicardium
on the floor of the right atrium in an area known as the
triangle of Koch (Figure 1.2).'"'® The CS ostium limits
the base of this triangle, and the apex is formed by the
junction between the fibrous tendon (tendon of Todaro)
and the septal leaflet of the tricuspid valve (Figure 1.2). In
the dog, the AVN has an elongated shape with a concave
surface facing the central fibrous body. It averages
approximately 2—4mm in length, 2mm in width and
0.5-1mm in thickness.”?® In the cat, an elongated
oval shape has also been reported that is approximately
1.2-1.8 mm in length, 0.2—0.5 mm in width and 0.4—0.6 mm
in thickness.?' Male cats appear to have a larger AVN than
females.”*

The AVN can be divided into an atrionodal region
formed by atrionodal bundles that converge into a proxi-
mal atrioventricular bundle, the compact node and the
distal atrioventricular bundle (DAVB; Figure 1.2).%° This
division is based on histological differences between
each area. The remainder of this section focuses on
canine anatomy.

Three distinct atrionodal bundles have been described in
the dog and are thought to be the continuation of the inter-
nodal pathways (Figure 1.2).°***** They are associated

ol
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with epicardium of the medial right atrial wall and the crest
of the ventricular septum, approximately 1cm away from
the annulus fibrosus.?’ The cells are organised into small
fascicles of myofibres surrounded by collagen without con-
nection to ordinary atrial myocardium. The myofibres run
in a parallel fashion.

The superior (dorsal) atrionodal bundle is located
beneath the epicardium of the dorsal-cranial aspect of
the medial right atrial wall, closely apposed to the crest
of the interventricular septum.

The middle atrionodal bundle is located beneath the
epicardium on the dorsal-caudal aspect of the medial
right atrial wall, opposed to the medial aspect of the ten-
don of Todaro, associated with the dorsal-medial aspect
of the CS ostium.

The lateral atrionodal bundle input is located beneath
the epicardium on the caudal-ventral aspect of the
medial right atrial wall, subjacent to the lateral aspect of
the CS ostium.

The presence of additional atrionodal bundles has not
been proved but was suggested.?* Remnants of bundles
extending into the left atrium have been described, but
further studies are necessary to determine their
significance.?

The atrionodal bundles converge into the proximal
atrioventricular bundle (PAVB) that is continuous with
the compact node (Figure 1.2). It is located beneath the
epicardium of the right atrial medial wall, cranially to the
floor of the CS ostium, medially to the tendon of Todaro
and approximately 1 cm away from the hinge point of the
tricuspid leaflet at the annulus fibrosus. At this level, the
myofibres are tightly coiled in single strands that form
fascicles running in parallel.?>** A small number of inter-
calated discs are present in comparison to the atrionodal
bundles. The PAVB is also characterised by numerous
ganglia nestled amongst its fascicles, blood vessels and
fat vacuoles and particularly prominent at the ventricu-
lar septal apposition.*

The compact node rests on the atrial aspect of the central
fibrous body (Figure 1.2). In the dog, it is approximately
1-1.5mm in length. From caudal to cranial, it appears
initially as two half-ovals separated by the nodal artery
that become fused cranially.”® It is composed of closely
interwoven fibres which frequently connect with each
other within a sparse collagen framework.” The nodal
cells are small and are arranged in a parallel fashion on
the caudal aspects of the node. Cranially, they are
arranged in interweaving fascicles on the left margin,
and on the right the cells become larger and are arranged
in a more parallel fashion. This arrangement is also seen
in the proximal part of the DAVB."

The DAVB extends cranially from the compact node
approximately 3mm to a branching point at the cranial
edge of the tricuspid septal leaflet (Figure 1.2).%° It resides
in the cranial part of the central fibrous body, where it
penetrates the septum fibrosum bridging the atria and
ventricles. The myocytes are larger in the DAVB, and the
myofibres and fascicles run in a parallel fashion as in
the atrionodal bundles. Given that the initial part of the
DAVB is often histologically similar to the compact node,
some authors only consider the bundle where it becomes
surrounded by the tissues of the fibrous body."! The term
bundle of His is commonly used for this structure, named
after Wilhelm His Jr., who described it for the first time.
In dogs, it is approximately 8—10mm long and has a
width of 1.5-2.0mm.?” The presence of two distinct
functional strands within the common trunk of the
canine His bundle has been described.”” According to
this report, a dorsal strand extends from the dorsal part
of the compact node and continues ventrally with the
right bundle branch, and a ventral strand extends from
the ventral part of the compact node to continue with the
left bundle branch. The electrophysiological properties
of both strands are similar, with the exception of the con-
duction velocity which seems to be faster in the ventral
strand.”’ Traversing bridges are present between the
strands and ensure their activation as a single conduct-
ing structure.

The DAVB divides into several branches that supply the
Purkinje network of the right and left ventricles
(Figures 1.1 and 1.3). A division into right and left bundle
branches is common, although variations exist amongst
individuals.” This division occurs at the level of the upper
portion of the interventricular septum beneath the non-
coronary and the right aortic leaflets.

The right bundle branch courses in the subendocar-
dium of the right side of the interventricular septum.’
Proximally, it branches from the DAVB approximately
2-3mm away from the insertion of the septal leaflet of
the tricuspid valve and runs as a single chord until it
reaches the cranial (anterior) papillary muscle. At this
level, it divides into three branches:

Ramification for the conus pulmonalis: These
branches separate from the right bundle at the level of
the base of the papillary muscle and spread over the
cranial part of the interventricular septum with an
irregular pattern to supply the Purkinje fibres in the
area of the conus pulmonalis.

Ramification for the free wall: After the branching for
the conus, the right bundle courses around the base of
the papillary muscle and proceeds downward, giving
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The divisions of the left bundle branch. The left bundle
branch and its ramifications are illustrated in this picture with the
left ventricle open as if cut across its free wall and looking into the
septum. The left bundle branch runs in the subendocardium on
the left side of the interventricular septum in close proximity to
the aortic valve. The initial part (or trunk) is brush-like in shape,
approximately 4-7 mm in width and 2-6 mm in length. It ramifies
into two main groups of peripheral branches: the cranial group,
commonly referred to as the anterior fascicle, and the caudal
group or posterior fascicle. The cranial group splits into a few small
branches that run beneath the endocardium for approximately
10-15 mm until they change into bands that project into the
ventricular cavity - pseudotendons. Once they reach the base of
the cranial (anterior) papillary muscle, they spread to the cranial
area of the left ventricle in a mesh pattern. The caudal group gives
off a few small branches that run approximately 10-15mm
beneath the endocardium in parallel with each other like a chord
until they change into pseudotendons projecting into the
ventricular cavity towards the caudal (posterior) papillary muscle.
From this point, the Purkinje fibres from the pseudotendons
spread over the caudal area of the left ventricle.

off wide and short pseudotendons of approximately
2-3mm in length and <4mm in width. These form
bridges from the septum to the free wall.
Ramification for the septum: After the ramifications
for the conus and for the free wall, the right bundle
gives rise to a few small branches supplying the caudal
half of the right side of the interventricular septum.

The left bundle branch runs in the subendocardium on
the left side of the interventricular septum in close prox-
imity to the aortic valve (Figure 1.3). The initial part (or
trunk) of the left bundle is brush-like in shape and
approximately 4—7 mm in width and 2—6 mm in length.”
Its width increases gradually until it ramifies into two
main groups of peripheral branches:

Cranial (anterior) group: The first branch to divide
from the trunk splits into a few small branches that
run cranially beneath the endocardium for approxi-
mately 10-15mm until they change into bands that
project into the ventricular cavity — ‘pseudotendons!
Once they reach the base of the cranial (anterior) pap-
illary muscle, they spread to the cranial area of the left
ventricle in a mesh pattern.

Caudal (posterior) group: Another few small branches
run approximately 10-15mm beneath the endocar-
dium in parallel with each other like a chord until they
change into pseudotendons, projecting into the ven-
tricular cavity towards the caudal (posterior) papil-
lary muscle. From this point, the Purkinje fibres from
the pseudotendons spread over the caudal area of the
left ventricle.

Another small subendocardial network of branches from
the left bundle has been described between the cranial and
caudal groups spreading directly over the septum without
giving off pseudotendons — the intermediate group.”

The terms anterior and posterior fascicles are often
used to describe the cranial and caudal divisions of the
left bundle, respectively.

The bundle branch subdivisions give rise to numerous
small branches that spread all over the subendocar-
dium of both ventricles.” These branches are com-
posed of Purkinje cells and form a network connecting
the conduction system to the ventricular myocardium.
They are more abundant over the base of the papillary
muscles and apical regions of the heart. A similar den-
sity of Purkinje fibres has been reported in the free wall
of both ventricles, but it is higher in the left side of the
interventricular septum due to the existence of the
intermediate group. As a consequence, the peripheral
ramifications are denser in the left ventricle, which
makes sense due to its larger dimensions and higher
contractile force.

The canine SA artery has been reported to derive in
most instances (90%) from the distal right atrial branch,
a terminal branch of the right coronary artery, and less
commonly from a branch of the left coronary
artery.””**° However, other reports showed that the
blood supply to the sinus node was instead derived
from branches of the left circumflex coronary artery
either alone or in combination with distal branches of
the right coronary artery.®"*? This highlights the high



degree of variation possible in this species. The venous
return occurs via tiny valveless veins — Thebesian
veins — that are present in the endocardium and empty
directly into the right atrium.

The blood supply of the feline SA also shows a high
degree of variation. In most instances, the supply was
seen to originate from collaterals of the right circumflex
or right coronary arteries, and less frequently from the
proximal left atrial branch originating from the left coro-
nary artery.3 3

The blood supply to the atrioventricular junction in the
dog has been described as originating from two
branches from the right coronary artery and one from
the left, as well as anastomoses of these vessels in the
septum.>* The DAVB is supplied by the septal artery
and the dorsal left artery which are both branches from
the left coronary artery. Additionally, perfusion is pro-
vided in part by the accessory ventral right atrial branch
of the right coronary artery. The venous return occurs
via Thebesian veins.
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Antonia Mavropoulou

As described in chapter 1, the heart possesses a specialised
conduction system responsible for the spontaneous
generation and transmission of electrical impulses to the
whole heart in a specific manner. This is possible due to the
presence of different cardiac cells, each with a specific pur-
pose and characteristics. In this chapter, we will discuss the
mechanisms that allow the various cardiac cells to generate
and transmit electricity. The aim is to cover the basic elec-
trophysiological principles of normal cardiac cell function
that are essential to understand how cardiac arrhythmias
are generated and how they can be influenced by anti-
arrhythmic drugs. For the interested reader, a more detailed
discussion on cardiac physiology may be found in the text-
books listed under the ‘Recommended Reading’ section.

Cardiac cells may be broadly divided into pacemaker cells,
specialised conduction cells and the working myocardium.
Throughout this chapter, the differences between each of
these cells will become apparent. As the name suggests, the
pacemaker cells are responsible for spontaneous genera-
tion of electrical impulses. They are prevalently located in
the sinus node, although cells in the atrioventricular node
(AVN) and His—Purkinje are also capable of performing
this task."? The specialised conduction cells are responsi-
ble for rapid (e.g. Purkinje cells) or slow (e.g. AVN) propa-
gation of the electrical impulse that ultimately reaches the
working myocardial cells, triggering muscle contraction.

The ability of cells to generate and propagate electrical
impulses is linked to the presence and movement of
particles (ions or electrolytes) with positive or negative
charges between both sides of the cell membrane.

Mammalian cells are rich in potassium (K" = 150 mmol/L)
and magnesium (Mg®* = 12 mmol/L) and are bathed
by fluid in the extracellular space that is rich in sodium
(Na* = 140 mmol/L), calcium (Ca®* = 1 mmol/L), chloride
(CI" = 110 mmol/L) and bicarbonate (HCO; = 30
mmol/L).2 If these ions are allowed to move across the cell
membrane, they will flow towards the less concentrated
area and by doing so will create differences in electrical
potential. This flow depends largely on the presence of ion
channels, exchangers or pumps in the cell membrane. The
various ionic currents across the membrane influence the
resting membrane potential (RMP) and the cardiac action
potential, as described in the remainder of this section.

In the resting state, the inside of the cell is negatively
charged, in contrast to the outside in which positive charges
prevail. This is mainly due to different concentrations of
Na" and K" molecules on both sides of the cell membrane.
As mentioned in the last paragraph, the cell interior is rich
in K" and the extracellular space is rich in Na*. Numerous
sodium—potassium pumps in the cell membrane con-
stantly remove sodium from the cell (three Na™ molecules)
in exchange for potassium (two K" molecules), and this
accounts for the accumulation of K* in the cell and of Na*
in the extracellular space. It is apparent from this exchange
that more positive charges leave the cell than enter it, leav-
ing the inside of the cell with a deficit of positive charges.
Additionally, the cell membrane is semipermeable to K,
thereby allowing it to leak back into the extracellular space
along its concentration gradient, causing an even greater
loss of positive charges. By contrast, inward movement of
Na" occurs to a much lesser extent, as the cell membrane is
less permeable to Na* in comparison to K'. Ultimately,
these mechanisms are responsible for an imbalance of pos-
itive charges on both sides of the cell membrane, account-
ing for cell polarisation. The RMP of the various cardiac
cells varies from -50 to —95 mV (Table 2.1).
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Properties of membrane potentials in canine heart

Atrial Atrioventricular Ventricular
Sinus node cell cardiomyocyte node cell Purkinje fibre cardiomyocyte
Resting membrane potential (mV) -56+7 mV? ~73 mVP>* -50 to —60 mV¢ -90 mV* -84.242.7 mV*
Action potential duration (ms) 100-300 ms® 138+18 ms" 100-300 ms® 300-500 ms' 226.5+11 ms'
100-300 ms®
Propagation velocity 1.2-14 cm/s" 80 cm/s/ 5.6+0.7 cm/s" 200-250 cm/s™ 20-48 cm/s"
33-50 mm/s'
Fibre diameter (um) 5-10 pm° 15-20 um° 7 um™ 50 um™ 20-33 pm!
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Ion pumps move ions continuously against their concen-
tration gradients and use energy (in the form of aden-
osine triphosphate [ATP]) in the process. They are
responsible for maintaining the ion gradients across
the cell membrane (e.g. a 3Na*/2K* pump).*

Ion exchangers are similar to pumps but exploit the
energy stored in ion gradients rather than ATP hydrol-
ysis to move ions against their concentration gradient.

To understand the mechanisms that lead to cell depolarisa-
tion, itis important to first highlight the differences between
the various types of ion carriers involved and how they
work. Ion movement across the cell membrane depends on
the presence of ion channels, exchangers or pumps:

Ion channels are pore-forming membrane proteins

that allow passage of ions along an electrical or
concentration gradient when in the open state.*
Each channel is guarded by one or more gates that
control its opening and closing in response to dif-
ferent triggers. Most ion channels involved in cell
depolarisation and repolarisation are voltage-gated,
which means that they open and close in response
to differences in voltage across the membrane.

For example, the 3Na*/1Ca** exchanger removes Ca>*
from inside the cell against its concentration gradient
by moving Na* into the cell along its concentration
gradient as its driving force. The excess Na' is then
removed from the cell in exchange for K by the
3Na*/2K* pump.*

Table 2.2 lists the various ion currents involved in

Other triggers include ligands (e.g. acetylcholine) and
stretch (which is detected by mechanoreceptors).”

cell depolarisation and correspondent carriers and
characteristics.
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Table 2.2 lon currents and correspondent carriers involved in cardiac cell depolarisation and repolarisation

lon current

Activation kinetics

Influenced by

Ina — Fast inward sodium®>®

Ica(r) — Transient calcium
current™

Icaq) — Long-lasting
calcium current™®

I;o1 — Transient outward
potassium currents®

Io2 — Transient outward
calcium-activated chloride
current®

Iiur, Ir, Iis — Delayed
rectifier potassium
currents®

I or I — Inward
rectifier potassium
currents™®

INa/ca — Sodium-calcium
exchange’

Inyk — Sodium—potassium
ATPase pump

I¢; — Chloride current

Voltage-gated
Activation: -70 to -60 mV
<1l ms

Overshoot: +20 to +35 mV
Inactivation: <1 to 4 ms
100% until <—40 mV

Voltage-gated
Activation: 10—-20 ms
SA node: -60 to =50 mV
Atria: -50 mV
Ventricles: Absent
-40 mV in cats with HCM’
Mean open time: 1-2 ms
Inactivation: Rapid

Voltage-gated
Activation: 10—-20 ms

SA node: -40 mV

Atria: -30 mV

Ventricles: —30 to —35 mV
Mean open time: <1 ms
Inactivation: Slow

100% until <0 mV

Voltage-gated
Activation: <10 ms
Inactivation:
Variable and voltage-dependent

Voltage-gated

Activation: Slow, 100% at —10 mV
Inactivation: Slow, deactivated by full
repolarisation

Above RMP: Outward current
Below RMP: Inward current
Inactivated with depolarisation

3Na* exchanged with 1Ca”*

Na' out if membrane potential is positive
Ca®" out if membrane potential is negative
3Na* driven out of cell whilst 2K* are
driven in

1 ATP molecule used per cycle

Inward flow of chloride

Additional currents (sinus node and atrioventricular node cells)

I; — Inward sodium (and
potassium) current®’

Iach — Acetylcholine-
activated potassium
channel®

Activated with hyperpolarisation: —90 to
-50 mV
Pacemaker cells

G protein-coupled inward potassium
channels activated by acetylcholine
Prevalent in sinus and atrioventricular
nodes

o Increases with f-adrenergic
stimulation

o Blocked by class 1 anti-arrhythmics
o Inhibited by hyperkalaemia

o No change with B-adrenergic
stimulation

o Blocked by nickel and amiloride

o Increases with f-adrenergic
stimulation

o Blocked by class IV anti-arrhythmics
(e.g. verapamil and diltiazem),
amlodipine and nifedipine

o Reduced expression with chronic
adrenergic stimulation and
angiotensin II

o Iy, increases with B-adrenergic
stimulation

o Blocked by class III anti-arrhythmics
(e.g. amiodarone and sotalol)

o Modified by ethanol and acetaldehyde®

o Inhibited by digoxin

o Increases with f-adrenergic

stimulation, shortening action
potential

o Increases with f-adrenergic

stimulation

o Blocked by ivabradine

o Parasympathetic stimulation

ATP, Adenosine triphosphate; HCM, hypertrophic cardiomyopathy; RMP, resting membrane potential; SA, sinoatrial node.
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The cardiac muscle is organised as a syncytium of cells
that are tightly interlinked by the presence of special
junctions between adjacent cells called intercalated
disks (Figure 2.1).> These are composed of specialised
structures — desmosomes and fascia adherens — that
form tight junctions, creating a strong mechanical link
between each cell. Additionally, another structure is
present in the intercalated disks that provides a func-
tional connection between cells; it is called the nexus or
gap junction.” Gap junctions allow the passage of ions
from the cytoplasm of one cell to the next through aque-
ous pores, making it possible for the depolarisation
wave to be transmitted from cell to cell. For this reason,
when one cell becomes depolarised, the impulse is
transmitted to all adjacent cells, resulting in a depolari-
sation wave that sweeps the entire myocardium until all
cells become depolarised. The number and position of
the intercalated disks influence the direction and veloc-
ity of the depolarisation wave. In cardiac muscle, they
are more prevalent in the direction of the long axis of
myocardial fibres, ensuring that the depolarisation wave
is propagated in this direction rather than transver-
sally.'®! This arrangement is logical as the myocardial
fibres are oriented in specific ways that allow the heart
to function effectively as a pump. Conduction in the
myocardium is therefore anisotropic with a conduction
velocity that is faster in the direction of the long axis
of the myocardial fibres than it is transversally. This
property of myocardial conduction has implications for

Fascia adherens

Sarcomere

Intercalated disk

The intercalated disk. The intercalated disk is
composed of specialised structures — desmosomes and fascia
adherens - that form tight junctions creating a strong mechanical
link between cells. The gap junctions provide a functional
connection between cells that allows passage of ions.

the genesis of arrhythmias, as given the right conditions
(e.g. slower conduction in areas with damaged cells),
it may allow re-entry to occur (see chapter 6).!* There
are protective mechanisms to prevent this from happen-
ing, such as the fact that gap junctions are able to change
their electrical resistance in response to various condi-
tions. For example, with myocardial infarction, there is
an increase in intracellular calcium levels in damaged
cells that causes the gap junctions with neighbouring
cells to close in an attempt to protect them from the
effects of the injured cells."> Changes in pH also have an
effect on gap junctions: acidosis causes an increase in
electrical resistance, slowing the rate of propagation of
the action potential and possibly leading to conduction
delay or block; alkalosis has the opposite effect.!*!>
These are some examples of cardiac cell physiology facts
that are relevant to the genesis of cardiac arrhythmias
in our patients. This topic will be developed further in
chapter 6.

Normally, the pacemaker cells in the sinoatrial node are
responsible for initiating the depolarisation wave, which is
then transmitted to all the cardiac myocytes. There are sub-
stantial differences between the depolarisation of conduc-
tion system cells (e.g. pacemaker cells, compact node cells
and Purkinje cells) and working myocardial cells (e.g. atrial
and ventricular). The RMP, and the shape and duration of
the action potential, are shown in Figures 2.2 and 2.3.

The action potential in cardiac myocytes is generated
by a series of ion movements, as described in the remain-
der of this section, which focuses on working myocardial
and specialised conduction cells. The action potential of
the pacemaker cells will be discussed in a separate sec-
tion later in the chapter.

Stage O (rapid depolarisation due to inward

flow of Na*)

In diastole, the RMP of a ventricular cell is close to
-85 mV. An action potential triggered in a neighbouring
cell causes a slight increase in potential to around -70 to
-60 mV, which is the activation threshold for sodium
channels, resulting in an inward current of Na* (I,) that
effectively causes depolarisation.'®’® The membrane
potential increases to above 0 mV. These channels are
characterised by rapid activation (<1 ms) and inactiva-
tion (from <1 to 4 ms), which accounts for the very rapid
depolarisation and steep upstroke of the action potential.
This process is both time- and voltage-dependent, and
the Na* channels can exist in either of three states: when
activated, they open; shortly after, they close, becoming
inactivated; and, once the RMP has been restored, they
enter a resting state and are ready to open again.
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Figure 2.2 Stages of the cardiac action potential and ionic currents.  (A) K‘out  Ca*in
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Stage 1 (rapid repolarisation) state, and the inward Na* current has stopped. The com-
With the increase in membrane potential above 0 mV,  bination of these two events leads to a net decrease in
another type of voltage-gated channels (I,) become acti- ~ membrane potential to approximately 0 mV. This is

vated, allowing the exit of K* from the cell.''® At the  stage 1 of the action potential. I, channels are present in
same time, the Na* channels have entered the inactivated ~ higher densities in Purkinje cells, atrial cells, epicardial



cells and mid-myocardial ventricular cells in comparison
to endocardial ventricular cells, resulting in a more
prominent phase 1, as shown in Figure 2.3."

Stage 2 (plateau phase)

During this stage, there is a combination of several ion
currents involving a balance between entry of Ca®* in the
cell (Ic,.1) and exit of K* (Ig and I,,).'**® During stage 0 of
depolarisation, voltage-gated calcium channels (L sub-
type) become activated when the voltage reaches -35 to
-30 mV. They open quickly (<1 ms) but inactivation is
slow, accounting for the duration of stage 2 (Figure 2.2).
During this period, the inward Ca** flow will trigger
release of Ca”* from the sarcoplasmic reticulum, causing
muscle contraction in working myocardial cells. The out-
ward flow of K* during this stage is due to activation of
several channels, of which the most important are the
voltage-gated Iy, (r for rapid) and I (s for slow) currents.
They become fully active during depolarisation when the
membrane potential reaches —10 mV, and their function
is enhanced with the increased internal calcium levels.?
The activity of I, channels also has an influence on the
duration and amplitude of stage 2.2' As mentioned in this
chapter, they are more prevalent in atrial cells and epi-/
mid-myocardial ventricular cells, contributing to a lower
plateau phase and shorter action potential (see Figure 2.3).

Stage 3 (repolarisation)

As the L-type calcium channels become inactivated and
the I, current stops, the outward currents of K" continue
until the RMP is restored once again. In addition to the I,
and I, currents, a background K* current (Iy; or Iy;;) con-
tributes to late phase 3 repolarisation.'®*® These channels
aim to maintain the RMP by allowing the exit of K* from
the cell if the potential is above the RMP and allowing entry
of K" into the cell if the membrane potential is below the
RMP. During depolarisation, they are briefly shut and open
again during the repolarisation stages.

Stage 4 (resting state)

During this stage, the changes that occurred during
depolarisation are rectified. The 3Na'/2K" ATPase
pumps and the 3Na*/1Ca®* exchanger work to remove
the excess Na* and Ca?* from the cell and restore the K*
levels. It is important to highlight that the ionic move-
ments driving cell depolarisation and repolarisation
involve only minute amounts of ions and the cell content
of these ions remains virtually unchanged.*®

The ability to generate an action potential following an
electrical impulse of sufficient magnitude represents
the excitability of the cell. This is proportional to the

intensity of the electrical stimulus propagated from cell
to cell that is able to trigger depolarisation (stage 0 of the
action potential). This will also depend on the RMP and
how close it is to the activation threshold which is the
membrane potential above which cell depolarisation
occurs. If cells are more or less excitable than normal,
this will have significant implications on heart rate, con-
duction velocity and likelihood of arrhythmias.'**®
Once depolarisation is triggered, the cell is unable to
generate another action potential until repolarisation
occurs (from stage 0 until the end of stage 3). The cell
becomes refractory to additional stimuli during this
period because the fast sodium channels become inacti-
vated at membrane potentials above —50 mV. Until the
membrane potential falls below this threshold during
stage 3 of repolarisation, the cell is incapable of generat-
ing another action potential regardless of the intensity of
the triggering stimulus. This is the effective refractory
period (ERP) (Figure 2.4). Whilst the membrane poten-
tial is between -50 mV and the resting membrane
potential (-85 to —90 mV, which is reached at the end of
stage 3), it may be possible for a stimulus of sufficient
magnitude to trigger an early depolarisation. The result-
ing action potential will have a slower stage 0 and will
achieve lower voltages which result in a slower conduction
velocity, as a proportion of fast sodium channels are still
inactive at this stage. This is the relative refractory period
(RRP). By the end of the RRP, there is a period called the
vulnerable period in which a stimulus of sufficient inten-
sity may cause a repetitive response. A relevant example
would be the triggering of ventricular fibrillation when a
premature beat (an ectopic or paced beat) happens to
occur during the vulnerable period, which on the elec-
trocardiogram corresponds to the peak of the T wave.
The vulnerable period for the atrial myocardium occurs
during the descending R wave or during the S wave of the

Above -50 mV |, inactivated
Supemormal excitability

Activation threshold

4

RMP

- 80 - a
i

Cell refractoriness. RMP, Resting membrane potential;
RRP, relative refractory period.




